Lipoprotein lipase (LPL; triacylglycero-protein acylhydrolase, EC 3.1.1.34) was purified from bovine milk. Synthetic oligonucleotides were prepared, based on the amino acid sequences of three peptides obtained from partial digestion of purified LPL, and were used as probes to isolate cDNA clones for LPL mRNA from a bovine mammary gland.
sequence analysis revealed that cDNA insert 49R2 contains the entire coding region for LPL as well as a 3' untranslated region of about 1.6 kb. The predicted amino acid sequence indicates that bovine LPL is a hydrophilic protein consisting of 450 amino acids (Mr 50,548) in its unglycosylated form. Blot hybridization analysis of poly(A)+ mRNA from bovine mammary gland demonstrated that there are at least three sizes of LPL mRNAs-3.2, 2.5, and 1.7 kb-with the 2.5-kb mRNA being the most abundant. Restriction endonuclease mapping of other cDNA clones suggested that the variation in mRNA size results from differential utilization of polyadenylylation signals during mRNA processing.
Lipoprotein lipase (LPL; triacylglycero-protein acylhydrolase, EC 3.1.1.34) is a lipolytic enzyme involved in the metabolism of triacylglycerol-rich lipoprotein particles (1) . It hydrolyzes the triacylglycerol cores of chyromicrons and low density lipoproteins, generating free fatty acids available for extrahepatic tissues. LPL is a glycosylated protein of apparent Mr 55,000 that is synthesized and secreted from parenchymal cells of adipose tissue, heart, skeletal muscle, and mammary gland and is anchored on the luminal surface of the capillary endothelium by membrane-bound heparan sulfate (2, 3) . The activity of LPL is markedly enhanced by apolipoprotein C-II present on the surface of triacylglycerol-rich lipoproteins (4) . Recent findings (5) indicate that LPL is inhibited by tumor necrosis factor (cachectin). Detailed genetic analyses of several mutant mouse strains suggest that LPL is involved in the cause of atherosclerosis (6) . LPL is also present in milk, but the reason for its presence is unknown (1) .
Since the first description of canine LPL in 1943 (7), a sustained effort has been made to characterize its enzymatic activity and functions (for review, see refs. 1, 2, and 6). However, relatively little is known about the structure of LPL or the gene encoding LPL, or about the factors that govern its expression, despite clinical evidence that familial hypertriglyceridemia is a genetic disorder (8) . Recently, Ben-Avram et al. (9) described the NH2-terminal and partial amino acid sequence of bovine LPL and its homology to pancreatic lipase (10) . We report here the isolation and characterization of a cDNA clone that contains the entire coding region of mature bovine LPL.
MATERIALS AND METHODS
Characterization of Bovine Milk LPL. Purification. LPL was purified from low-fat bovine skim milk according to the method described by Bengtsson and Olivecrona (11) , with modifications. In brief, a 5000-fold purification of LPL was obtained by heparin-agarose column chromatography followed by phenyl-agarose column chromatography. The assay for LPL enzyme activity was carried out as described (12) . Polyacrylamide gel electrophoresis according to Laemmli (13) was carried out in a slab gel, and the gels were stained with Coomassie brilliant blue R-250.
Digestion ofLPL with trypsin and cyanogen bromide, and separation ofpeptides by reverse-phase HPLC. Purified LPL (50 ,g) was treated with trypsin (0.5 ,g) in 20 mM Tris/HCl buffer (pH 7) for 14 hr at 37°C. For chemical digestion, S-carboxymethylated LPL (50 ,ug) was incubated with cyanogen bromide (-50 mg) in 50 ,ul of 70% formic acid 24 hr at room temperature. The digests were fractionated on a reverse-phase column (8.0 mm x 75 mm, Chemcosorbs ODS-H, Chemco Scientific, Osaka, Japan), using a 40-min linear gradient of 0-60% acetonitrile in 0.1% trifluoroacetic acid at a flow rate of 1 ml/min. The (14) . Double-stranded cDNAs were ligated to plasmid pCD-X (15) and used to transform Escherichia coli MC1061 cells.
Oligonucleotide probes. Based on the amino acid sequence data, several oligodeoxyribonucleotide probes (21-to 23-mers) were synthesized using an Applied Biosystems 381A DNA synthesizer. These probe DNAs were 5'-32P-labeled (-108 cpm/,g) by polynucleotide kinase and were used in colony hybridization (16) The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Similarly, RNA blot analysis (18) was performed for poly(A)+ mRNA prepared from bovine mammary gland (19) to detect LPL-specific mRNA species. For this, the Pst I fragment [541 base pairs (bp)] from 49R2 cDNA (bases 313-853 in Fig. 3) was 32P-labeled by nick-translation and used as the probe.
Nucleotide sequencing. Sequencing of the cloned LPL cDNA was carried out by the M13 procedure of Sanger (20) .
RESULTS
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Amino Acid Sequence Analysis of LPL. LPL was purified to homogeneity from bovine skim milk (Table 1 ; Fig. 1 A Inset). The purified LPL was then subjected to amino acid and peptide analyses as described in Materials and Methods. Our amino acid composition data were consistent with the data reported by Ben-Avram et al. (9) . Also, our NH2-terminal sequence data (a stretch of 22 amino acid residues: Asp-ArgIle-Thr-Gly-Gly-Lys-Asp-Phe-Arg-Asp-Ile-Glu-Ser-LysPhe-Ala-Leu-Arg-Thr-Pro-Glu) agreed with the 19 residues determined by Ben-Avram et al. and, as discussed in a later section, are also consistent with the sequence predicted from the nucleotide sequence of the cloned LPL cDNA. These results not only identify the purified polypeptide as LPL but also confirm that the NH2 terminus of bovine milk LPL is not modified, for example, by N-acetylation.
To obtain more information about the amino acid sequence, we digested the purified protein with pancreatic trypsin or cyanogen bromide, and the resulting peptides obtained as discrete peaks by HPLC were sequenced. agarose gel, and hybridized with 5'-32P-labeled probe A after transblotting to nitrocellulose papei (18 Peptides in peaks I, II, and III ( Fig. 1) contained the sequences Ile-Thr-Gly-Leu-Asp-Pro-Ala-Gly-Pro-Asn-Phe--Glu-Tyr-Ala-Glu-, (Met)-Gly-Tyr-Glu-Ile-Asn-Lys-Val-Arg--Ala-Lys-Arg-Ser-Ser-Lys-Met-, and (Met)-Ala-Asp-Glu-Phe--Asn-Tyr-Pro-Leu-, respectively. Mixed oligodeoxyribonucleotide probes potentially coding for these peptides were prepared, based on codon degeneracy and frequency of eukaryotic codon usage (21) : probe B (a 20-mer corresponding to a peptide in peak I) was a 48-fold-degenerate mixture of the sequence 5'-ATCACRGGSCTSGAYCCVGC-3'; probe C (a 21-mer corresponding to a peptide in peak II) was a 16-fold-degenerate mixture of the sequence 5'-ATGGGY-TAYGARATYAACAAG-3'; and probe A (a 23-mer corresponding to a peptide in peak III) was a 128-fold-degenerate mixture of the sequence 
GAAGAAAATCCAAGTAAGGCCTACCGGTGCAATTCCAAAGAAGCCTTTGAGAAAGGTCTC E E H r S K A Y R C N S K E A F E K G L
Proc. Natl. Acad. Sci. USA 84 (1987) 4371 600,000 transformants, derived from a cDNA library constructed from lactating bovine mammary gland poly(A)'
RNA in Okayama-Berg vectors, were screened by using labeled oligonucleotides as hybridization probes. 32P-labeled probe A was used as the primary probe to screen all transformants, and probes B and C were used as second and third sorting probes to select LPL-specific cDNA clones. Three cDNA clones were identified that reacted with probes A, B, and C, and one clone that reacted only with probes B and C. The cDNA inserts of these plasmids were excised by digestion with endonuclease BamHI. Their sizes ranged from 1.7 to 3.2 kilobases (kb). The plasmid with the longest insert (3.2 kb) was designated pLPL-49R2; the two with mediumsized inserts (2.5 kb) were called pLPL-49R3 and pLPL-54R1. Upon Southern blot analysis, labeled probe A reacted with all inserts examined ( Fig. 2A) . In anticipation that cDNA insert 49R2 might contain the entire coding region for LPL, computer-scanned for hydrophobicity, using the program of Kyte and Doolittle (23) . The §earch length was nine amino acids. Hydrophobicity (hydropathy) increases with distance above the abscissa.
nucleotide sequencing. Restriction mapping of the other two inserts (49R3 and 54R1) showed that they lacked the 3'-terminal regions of 49R2 (Fig. 3) .
Nucleotide Sequence of Cloned cDNA. The major emphasis in sequence analysis was to locate the coding region for the NH2-terminal and three internal peptides of LPL whose amino acid sequence had been established by microsequencing. As shown in Fig. 3 , the complete nucleotide sequence of 49R2 (2903 bases) was determined. The region coding for the NH2-terminal peptide Asp-Arg-Ile-Thr-Gly-Gly-Lys-AspPhe-Arg-Asp-Ile-Glu-Ser-Lys-Phe-Ala-Leu-Arg-Thr-ProGlu was found at the 5' end ofthe cDNA insert (bases (Fig. 3) , respectively. All four peptides were in the same open reading frame, which was interrupted by a terminator TGA at bases 1363-1365. There were many stop rodons thereafter. This reading frame encompasses 1350 bases capable of encoding a polypeptide consisting of 450 amino acid residues. These sequence data predict that the mature bovine LPL has a molecular weight of 50,548, in its unglycosylated form.
The Bgl II-BamHI fragment located at the 3' end of 49R2 cDNA contains a poly(A) sequence and an AATAAA sequence 15 bases upstream of the poly(A), characteristics of eukaryotic mRNA. There is another AATAAA sequence in the middle of the 3' noncoding region (residues 2033-2038), which is preceded by several AATAAA analogue sequences and followed by a "G/T cluster," indicative of a strong mRNA cleavage/polyadenylylation site (22) .
mRNA Analysis by Blot Hybridization. To determine the original size of LPL mRNA, total poly(A)+ RNA extracted from lactating bovine mammary glands was analyzed by blot hybridization (Fig. 2B ) using as probe a 32P-labeled Pst I-Pst I fragment (541 base pairs) present in all cloned cDNAs. The major hybridizable RNA band migrated at a position corresponding to 2.5 kb. Two other minor, but distinct, RNA bands of 3.2 and 1.7 kb were also detected (Fig. 2B) .
Judging from their size and restriction maps, cDNA 49R2, and the two medium-sized cDNAs, 49R3 and 54R1, probably derive from the 3.2-kb and 2. (1-3) . The predicted amino acid sequence of bovine LPL contains two potential sites [Asn-Xaa-(Thr/Ser)] for Nlinked glycosylation at amino acid residues 45-47 and 361-363. Hydropathicity plots (Fig. 4) , constructed according to Kyte and Doolittle (23) , indicate that bovine LPL is very hydrophilic, with the two potential glycosylation sites occurring at /-turns in hydrophilic domains. There are two regions rich in basic amino acids in the COOH-terminal region of LPL (amino acid residues 262-308 and 405-439) that could associate with the acidic domain of heparan sulfate. Both of these regions have an a-helix configuration [based on analysis as described by Chou and Fasman (24) ].
DISCUSSION
In this paper we describe the cloning of mRNAs that encode bovine LPL. One of the cloned cDNAs (49R2) apparently contains the complete nucleotide sequence coding for mature LPL, although it lacks the 5' region encoding the signal peptide required for translocation into the lumen of the rough endoplasmic reticulum. Curiously, the 49R2 cDNA was found to contain a yery long 3' untranslated region. Two other cDNA clones were apparently identical to 49R2 with respect to the LPL coding region but contained shorter 3' untranslated regions that include terminal poly(A). These results imply that there are multiple species of LPL mRNA in bovine mammary gland. In fact, blot analysis of poly(A)+ RNA from bovine mammary gland showed that there are at least three sizes of LPL mRNAs. Judging from the intensity of the hybridized bands (Fig. 2B) , the medium-sized mRNA is the most abundant species in bovine mammary gland, whereas cDNA insert 49R2 seems to correspond to the longest (3.2-kb) mRNA species.
The biological significance and biogenesis of these three mRNA species remain to be elucidated. However, these mRNAs most likely derive from differential transcription termination, as shown in the adenovirus major late transcription unit (25) , since the cDNA clones obtained in this study appear to be different only in the 3' noncoding region. Partial sequence analysis (data not shown) of the medium-size cDNA, 49R3, shows that the upstream AATAAA (at bases 2033-2038) apparently has been used for the cleavage/polyadenylylation of the template mRNA. A similar observation concerning various sizes of mRNA from bovine mammary gland was reported (26) for mRNAs encoding N-acetylglucosamine (,81-4)galactosyltransferase.
Recently, Reddy et al. (27) 
